Human herpesvirus 6 (HHV-6), a latent lymphotropic and neurotropic virus, has been suspected as an etiologic agent in multiple sclerosis (MS). The study was undertaken to correlate virologic evidence for HHV-6 activity with the state of host immunity to HHV-6 in MS patients and control subjects. The study revealed that cell-free DNA of HHV-6 was detected more frequently in both serum and cerebrospinal fluid of MS patients than in those of control subjects. T cells recognizing the recombinant 101-kDa protein (101K) corresponding to the major immunoreactive region unique to HHV-6 occurred at significantly lower precursor frequency in MS patients than in control subjects. The resulting HHV-6-specific T-cell lines obtained from MS patients exhibited skewed cytokine profiles characterized by the inability to produce interleukin-4 (IL-4) and IL-10. The decreased T-cell responses to HHV-6 and the altered cytokine profile were consistent with significantly declined serum immunoglobulin G (IgG) titers for HHV-6 of MS patients compared to those of control subjects. In contrast, elevated serum IgM titers for HHV-6 were detected in the majority of MS patients, which may reflect frequent exposure of B cells to HHV-6. The findings suggest that the decreased immune responses to HHV-6 may be responsible for ineffective clearance of HHV-6 in MS patients.
It has long been suspected that microbial infections, in particular viral infections, may play an important role in the etiology and pathogenesis of multiple sclerosis (MS). A number of viruses, including human herpesevirus 6 (HHV-6), measles virus, and Epstein-Barr virus, have been implicated as etiologic agents in MS on the basis of epidemiological evidence, geographic pattern, and abnormal immune response to these viruses (10, 11, 16, 17, 18, 45) . Some studies demonstrated increased antibody titers to the viruses, whereas others described isolation of viruses from postmortem MS material (29) . The potential pathological importance of certain viral infections in patients with MS is thought to involve direct neurotropic properties of the virus that cause tissue damage or their ability to activate autoimmune responses directed at myelin tissue through various mechanisms. Some viruses carry amino-acidsequence homology with myelin proteins (e.g., myelin basic protein) and can induce activation of autoreactive T cells recognizing myelin antigens through molecular mimicry (15, 39, 47) . Neurotropic viruses can also cause direct tissue/myelin damage, resulting in sensitization of autoreactive T cells in response to myelin breakdown products/antigens. Furthermore, viral infections of the central nervous system can also induce autoimmune responses through epitope spreading (27) and superantigen activity (33, 40, 43) . However, to date the issues related to the etiologic role of virus in MS remain unresolved.
HHV-6 has predominant tropism for CD4 ϩ T cells and is the etiologic agent for infantile exanthem (7) . Genomic analysis places HHV-6 among the betaherpesviruses, along with cytomegalovirus (CMV) and HHV-7. On the basis of DNA restriction analysis, HHV-6 can be separated into two strains, HHV-6A and HHV-6B (1, 22, 34) . Only HHV-6B has been definitively proven to cause human disease (44, 49) . HHV-6 also has a neurotropic property (3) and was found to cause subacute leukoencephalitis, manifesting as MS and demyelination of the central nervous system (8, 19) . Epidemiologic studies have shown that the vast majority of primary HHV-6 infections occur within the first year of life (13, 50) . Common to other herpesviruses, latency of HHV-6 is established after primary infection, and its genomic material can be found in T cells of healthy adults. HHV-6 infection can reactivate under certain conditions, such as in immunocompromised patients (34) . The relationship between HHV-6 infection and MS was first suggested by Challoner and colleagues, who detected DNA sequence identical to that of the major DNA binding protein of HHV-6 in postmortem MS brain (9) . Expression of HHV-6 virion proteins was found in oligodendrocytes obtained from patients with MS (9) . More recent studies demonstrated higher titers of antibodies to HHV-6 and cell-free DNA of HHV-6 in serum and cerebrospinal fluid (CSF) of MS patients, suggesting reactivation of HHV-6 in MS (1-2, 4, 20-23, 29, 35-37, 46, 50) . However, other investigators found no differences in these measurements between MS patients and control subjects, failing to confirm such an association (6, 14, 24, 26, 28, 30, 41) . It is important to note that the assays reported in some of these studies were based on the whole HHV-6 virus, which contains viral protein components sharing extensive amino-acid-sequence homology with other related viral proteins, such as CMV and HHV-7, thus making the results difficult to interpret. Other studies used various components of HHV-6, whose immunogenicity is unproven for the detection of antibody titers.
This study was undertaken to evaluate the possibility of active viral replication of HHV-6 by detecting cell-free viral DNA released in serum and CSF of MS patients compared to that of control subjects. We then attempted to correlate virologic evidence with the state of host-specific immunity and examined both T-cell responses and the antibody reactivity to HHV-6 in MS patients as well as in control subjects. In this study, oligonucleotide primers and recombinant protein/truncated fragments used to evaluate the virologic as well as immunologic evidence were designed to correspond to the 101-kDa virion protein (101K protein) of HHV-6. The 101K virion protein was originally identified in an HHV-6B strain (Z29) and was found to have 81% sequence homology with HHV-6A (32). It represents the major immunoreactive virion protein of HHV-6 and has been identified as a unique protein component for HHV-6 (32, 48) . The recombinant 101K protein and truncated fragments excluded the sequence region homologues from those shared by CMV, HHV-7, and other related viruses, providing the crucial specificity for the assays used in the study. The findings described here have important implications in our understanding of an etiologic role of HHV-6 in MS.
MATERIALS AND METHODS
Patients and specimens. A group of randomly selected MS patients (n ϭ 33) and a group of control subjects, including 21 healthy individuals and 6 individuals with other inflammatory neurologic diseases (polymyositis and myathenia gravis), were studied. They had not taken any immunosuppressive drugs, including steroids, or immunomodulatory agents (e.g., beta interferon [IFN-␤] and Glatiramer Acetate) at least 9 months prior to enrolling in the study and throughout the study. Informed consent was obtained from the patients after the experimental procedures were explained. The protocol was approved by the Institutional Human Subject Committee at Baylor College of Medicine. A panel of CSF specimens derived from patients with MS and other neurologic diseases was obtained from the CSF specimen bank (courtesy of S. Appel and L. Schneider) and was used for the analysis of cell-free DNA and antibody reactivity. These CSF specimens were obtained from newly diagnosed patients with definitive MS (untreated) and from other neurologic diseases (control specimens), including Alzheimer's disease, myasthenia gravis, amyotrophic lateral sclerosis, ischemic stroke, Parkinson's disease, and polymyositis. Both serum and CSF specimens were centrifuged at 9,000 ϫ g for 5 min and stored immediately at Ϫ80°C for 1 month (serum specimens) or 8 to 12 months (CSF specimens).
Reagents and peptides. Media used for cell culture were AIM-V serum-free medium (Gibco BRL, Grand Island, N.Y.) and RPMI 1640 supplemented with L-glutamine, sodium pyruvate, nonessential amino acids, 10 mM HEPES buffer (Gibco), 10% (vol/vol) fetal bovine serum (FBS) (Gibco), and 1% penicillinstreptomycin (Gibco). Recombinant human IL-2 was purchased from Boehringer Mannheim (Indianapolis, Ind.). Hen egg lysozyme was obtained from Sigma (St. Louis, Mo.) and served as a control antigen for the T-cell analysis.
Recombinant 101K protein and truncated fragments of HHV-6. The following procedure was used to prepare the recombinant viral protein and the fragments by using recombinant DNA technology. pH 6Z-3001, a pUC19 vector with an insert containing the complete HHV-6 101K open reading frame (ORF) (nucleotides 352 to 2925), was provided by the Centers for Disease Control and Prevention (courtesy of P. E. Pellet) (27) . DNA of the HHV-6 101K ORF was amplified from the pH 6Z-3001 vector by PCR with a pair of specific primers (sense, 5Ј-GAAGACAGCAGCGAGATAGAA; antisense, 5Ј-CGACGCGATC ACTGACTTGTCTTTGGC) which were 462 bases downstream of the start codon and terminated adjacent to the stop codon. The PCR conditions were as follows: 25 cycles of 94°C for 50 s, 56°C for 50 s, 72°C for 2 min, and one final extension for 10 min in a PE9700 thermal cycler (Perkin Elmer, Foster City, Calif.). The PCR products were cloned into pCR2.1 TA cloning vector (Invitrogen, Carlsbad, Calif.) and sequenced completely. The four HHV-6 fragments corresponding to the HHV-6 101K protein were prepared as described above. Primers used for each fragment were F1 (sense, 5Ј-GAAGACAGCAGCGAG ATAGAA; antisense, 5Ј-ATCCGACTCTGGAAATTTATG), F2 (sense, 5Ј-CA GAGGCGACATAAATTTCC; antisense, 5Ј-AGAAACGTTATGGGGCGAC A), F3 (sense, 5Ј-ACCGGAGTGTCGCCCCATAA; antisense, 5Ј-TCGCTGCC CAAGACCCGCT), and F4 (sense, 5Ј-GCCGGAGAGGAACAGTATGTTCA AGCG; antisense, 5Ј-CGACGCGATCACTGACTTGTCTTTGGC). PCR was carried out under universal PCR conditions for a total of 25 cycles for each amplification. The expression plasmid was constructed as follows. DNA of the 101K ORF and F1 through F4 fragments were digested with a pCR2.1 TA cloning vector with XhoI and HindIII restriction endonucleases and were cloned into a pRSET expression vector (Invitrogen) in frame, which carried the T7 promoter sequence and a sequence encoding an N-terminal histidine fusion tag. Segments of the 101K ORF encompassing residues 155 to 858, F1 (residues 155 to 350), F2 (residues 341 to 526), F3 (residues 518 to 667), and F4 (residues 654 to 858) were expressed in Escherichia coli strain BL21 (DE3) by optimal induction with 1 mM isopropyl-␤-D-thiogalactopyranoside and subsequently purified by using nickel-chelating affinity binding to the histidine tag. The purified protein and the fragments were passed through a Detoxi-Gel endotoxin removing affinity gel (Pierce, Rockford, Ill.) three times to remove trace endotoxins.
Detection of cell-free viral DNA in sera and CSF by nested PCR and Southern hybridization. Cell-free DNA was extracted from sera and CSF specimens by using the QIAmp DNA purification method (QIAGEN) according to the manufacturer's instructions. To achieve the highest sensitivity for detection of viral DNA, the extracted DNA was amplified by nested PCR with a set of nested primers followed by Southern hybridization. The outer primer was a 101K ORF primer, the inner primers were a sense primer for the F2 fragment and an antisense primer for F3. The sensitivity of the nested PCR was estimated with a quantitative PCR amplification and hybridization of an absolute certainty of pH 6Z-3001 vector with a series of dilutions, which allowed the detection of 5 copies of pH 6Z-3001. For all experiments, 5 l of extracted DNA was subjected to a first-stage PCR with a total reaction volume of 20 l for 35 cycles. The secondstage PCR was performed by adding 2 l of the PCR products from the firststage PCR as template to a total reaction volume of 20 l for 30 cycles. Ten microliters of the second-stage PCR products was subjected to 1% agarose gel electrophoresis and vacuum-blotted to a positively charged nylon membrane (Amersham, Piscatway, N.J.). F2 antisense primer was labeled with [␥-32 P]ATP (ICN, Irvine, Calif.) at the 5Ј terminus, with T4 polynucleotide kinase (Biolabs, Beverly, Mass.) as the probe for Southern hybridization. All CSF specimens or serum specimens were evaluated within one set of experiments, respectively, to minimize variations between individual specimens.
Immunoblot analysis of anti-HHV-6 antibodies in CSF. Recombinant 101K protein of HHV-6 was electrophoresed on a sodium dodecyl sulfate-10% polyacrylamide gel electrophoresis gel. After blotting, nitrocellulose membrane was cut into strips and then blocked with 5% low-fat milk in Tris-buffered saline (TBS) containing 0.1% Tween 20 (5% TBS-T). The strips were then incubated with undiluted CSF in mini-incubation trays for 1 h at room temperature. A goat anti-human immunoglobulin (Ig) conjugated with horseradish peroxidase was used as a secondary antibody (100 ng/ml in 5% TBS-T) and incubated for 1 h at room temperature. The strips were washed five times, followed by ECL visualization of proteins on membrane (Amersham, Arlington Hights, Ill.).
The precursor frequency analysis of specific T cells. The method for precursor frequency analysis of specific T cells was described previously (51, 52) . Briefly, peripheral blood mononuclear cells (PBMC) were prepared from fresh heparinized venous blood by Ficoll gradient separation. PBMC were plated out at 200,000 cells/well in the presence of the 101K protein (35 g/ml), the truncated fragments (30 g/ml), and a control antigen (hen egg lysozyme, 40 g/ml), respectively. The cell number per well had been predetermined as an optimal cell density to detect specific T cells in this system. Seven days later, each culture was examined for specific proliferation to the corresponding antigen in proliferation assays. Briefly, each well was split into four aliquots (approximately 10 4 cells per aliquot) and cultured in duplicate with irradiated (6,000 rads) autologous PBMC (10 5 cells per well) in the presence or absence of the corresponding antigens. Cultures were kept for three days and were pulsed with [methyl-3 H]thymidine (Amersham) at 1 Ci per well during the last 16 h of culture. Cells were then harvested with an automated cell harvester (Tomtec, Orange, Conn.), and [methyl- 3 H]thymidine incorporation was measured in a Microbeta Trilux counter (Wallac, Turku, Finland). A well or culture was defined as specific for the corresponding antigen when the counts per minute were greater than 1,500 and exceeded the reference counts per minute (in the absence of the antigen) by at least three times. The frequency of specific T cells was then estimated by dividing the number of specific wells by the total number of PBMC seeded in the initial 6148 TEJADA-SIMON ET AL. J. VIROL.
culture (51, 52) . The same method of calculation was used consistently to compare the changes of the T-cell frequency throughout the study. Cytokine measurement. The cytokine profile of the resulting HHV-6-specific T-cell lines was determined quantitatively by using enzyme-linked immunosorbent assay (ELISA) kits (PharMingen, San Diego, Calif.) according to the manufacturer's instructions. Culture supernatants were collected 48 h after stimulation of the T-cell lines with the corresponding peptide. Microtiter plates (96 wells; Maxisorp; NUNC, Roskilde, Denmark) were coated overnight at 4°C with 1-g/ml concentrations of a purified mouse capturing monoclonal antibody to human tumor necrosis factor alpha (TNF-␣), IFN-␥, IL-4, and IL-10 in 100 l of a carbonate buffer (100 mM, pH 9.5). Plates were washed 5 times with phosphate-buffered saline solution (PBS; pH 7.0) containing 0.05% Tween 20 (PBS-T). Nonspecific binding sites were saturated with 10% (wt/vol) FBS in PBS (FBS-PBS) for 1 h and washed subsequently with PBS-T. Supernatants and cytokine standards were added in duplicate wells. Plates were incubated at 4°C overnight and subsequently washed 5 times with PBS-T. One hundred microliters of the matched biotinylated detecting antibody (0.5 g/ml for IL-4 and IL-10 and 1 g/ml for IFN-␥ and TNF-␣; PharMingen) were added to each well and incubated at room temperature for 2 h. Plates were subsequently washed and incubated with a streptavidin-conjugated horseradish peroxidase (1:5,000 dilution) for 1 h. Plates were then washed and 3,3Ј,5,5Ј-tetramethylbenzidine (TMB; Sigma) was used as a substrate. The reaction was stopped by adding 1 N HCl. Optical density was measured at 450 nm with an ELISA reader (Bio-Rad Laboratories, Hercules, Calif.), and cytokine concentrations were quantitated by Microplate computer software (Bio-Rad) using a double eight-point standard. The detection limits for these cytokine measurements were said to range from 15 pg/ml to 25 pg/ml. Flow cytometry. To analyze the surface expression of CD4 and CD8, 10 5 cells of each T-cell line were washed in PBS containing 1% FBS and 0.1% sodium azide (FBS-PBS) and resuspended in 100 l FBS-PBS containing a 1:100 dilution of fluorochrome-labeled antibody (Simultest CD4-FITC/CD8-PE, Leu-3a/2a; Becton Dickinson Immunocytometry Systems, San Jose, Calif.) or appropriate Ig isotype controls (␥2a-FITC/␥1-PE; Becton Dickinson Immunocytometry Systems). After incubation for 30 min on ice, the cells were washed three times in FBS-PBS and fixed in 2% formaldehyde for flow cytometry assay. Stained cell populations were analyzed with a Coulter Epics instrument (Coulter Co., Miami, Fla.) with band filters for phycoethrin (575 nm) and fluorescein isothiocyanate(525 nm).
Detection of specific IgG and IgM titers for the HHV-6 antigens. All serum specimens were tested for titers of IgG and IgM specific for the recombinant 101K protein by ELISA. Recombinant hepatitis B vaccine (HBV) (Engerix-B; SmithKline Beecham Biologicals, Rixensart, Belgium) was used as control antigen for serum antibody detection. Briefly, microtiter plates were coated with the 101K protein and HBV (1 g/ml), respectively, and incubated at 4°C overnight. Plates were washed 5 times with PBS-T. Nonspecific binding sites were saturated with FBS-PBS for 1 h and washed again. Each serum specimen was diluted at 1:50, 1:100, 1:500, 1:1,000, and 1:2,000 with FBS-PBS and was added in duplicate wells. Plates were incubated at 4°C overnight and subsequently washed 5 times with PBS-T. One hundred microliters of biotinylated detecting antibody to human IgG or IgM (Sigma) was added to each well and incubated at room temperature for 2 h. After being washed, avidin-conjugated horseradish peroxidase (1:5,000 dilution) was added and plates were incubated for 1 h. Plates were then washed and TMB (Sigma) was used as a substrate for color development. Optical density was measured at 450 nm by using an ELISA reader (Bio-Rad Laboratories), and antibody titers were determined by Microplate computer software (Bio-Rad).
Statistical analysis. A Student's t test for normally distributed variables and the Mann-Whitney rank-sum test for abnormally distributed variables was used for data analysis. A P value of Ͻ0.05 was considered statistically significant.
RESULTS
The detection of cell-free viral DNA of HHV-6 in sera and CSF specimens obtained from MS patients and control subjects. The clinical characteristics of MS patients and control subjects included in the study are shown in Table 1 . Serum cell-free DNA was analyzed in a semiquantitative nested PCR with specific primers corresponding to the 101K region of HHV-6. As shown in Fig. 1A , serum cell-free DNA for HHV-6 was detected in 22 out of 33 MS patients (66%) examined; serum cell-free DNA for HHV-6 was detected in 7 out of 21 (33%) control subjects. The analysis was then extended under the same experimental conditions to CSF specimens derived from a separate group of MS patients (n ϭ 30) and a control group of patients with other neurologic diseases (n ϭ 30), which were obtained from a CSF specimen bank (see Materials and Methods). Cell-free DNA for HHV-6 was detected in 14 out of 30 (46%) CSF specimens obtained from MS patients, while only 6 out of 30 (20%) control CSF specimens were found positive for cell-free DNA for HHV-6 (Fig. 1B) . There was no significant difference in the percentage of positive cellfree DNA between relapsing-remitting MS patients and secondary progressive MS patients. The findings prompted us to further characterize specific immune responses to HHV-6 in patients with MS and in control subjects.
T-cell responses to HHV-6 in MS patients and control subjects. A recombinant HHV-6 101K virion protein and four truncated fragments encompassing residues 155 to 350 (F1), residues 341 to 526 (F2), residues 518 to 667 (F3), and residues 654 to 858 (F4) of the 101K region (Table 2) were prepared and used to examine both the T-cell and antibody responses. The N-terminal residues (1 to 155) were excluded for their extensive sequence homology with the immunoreactive region of human CMV (32). The T-cell responses to HHV-6 were examined in the blood specimens obtained from MS patients (n ϭ 17) and control subjects (n ϭ 18), which included healthy controls and patients with other inflammatory neurologic conditions. As shown in Fig. 2 , T cells recognizing the 101K protein could be detected in the majority of the control subjects as well as in MS patients examined. However, they occurred at a substantially lower precursor frequency in patients with MS than in the control group (P Ͻ 0.05), while the frequency of T cells specific for hen egg lysozyme, a control antigen, did not differ between the two FIG. 1. Detection of cell-free viral DNA for HHV-6 in sera and CSF obtained from MS patients and control subjects. Cell-free DNA for HHV-6 was detected in sera and CSF specimens by nested PCR with specific primers corresponding to the 101K region. The amplified PCR products were then hybridized with a digoxigenin-labeled oligonucleotide probe specific for HHV-6. The sensitivity of the detection was estimated to be 5 DNA copies/l, as described in Material and Methods. (A) Detection of cell-free DNA for HHV-6 in serum specimens of 33 MS patients (MS) and 21 control subjects (Controls). (B) Detection of cell-free DNA for HHV-6 in CSF specimens of a separated group of 30 MS patients (MS) and 30 patients with other neurologic diseases (OND). groups. The T-cell reactivity to HHV-6 in controls was preferentially directed at the 341 to 526 region and, to a lesser extent, to the 518 to 667 and the 654 to 858 regions, as evidenced by the higher precursor frequency of specific T cells recognizing these immunodominant regions in the control subjects (Fig. 2) . The 155 to 350 region was the least immunoreactive, as minimal T-cell responses to that region could be detected in both MS and controls. In contrast, there was an overall decrease in the T-cell responses to the 101K protein and the truncated fragments in patients with MS. Although the 341 to 526 region was recognized more frequently, the pattern of hierarchy in recognition of the viral fragments was not apparent in patients with MS. The results suggest decreased T-cell responses to HHV-6 in patients with MS. A panel of 110 resulting T-cell lines derived from MS patients as well as from control subjects were examined by flow cytometry and were found to exclusively express the CD4 phenotype (data not shown).
We then addressed whether MS-derived T cells recognizing HHV-6 differed in cytokine profile from those derived from control subjects. Sixty-two T-cell lines obtained from 13 MS patients (3 secondary progressive MS patients and 10 relapsing-remitting MS patients) and 34 T-cell lines derived from 12 control subjects were characterized for the production of IL-4, IL-10, TNF-␣, and IFN-␥ after challenge with the recombinant 101K protein. The results revealed significant qualitative and quantitative differences in the cytokine profile of the HHV-6-reactive T-cell lines derived from the two groups. As illustrated in Fig. 3 , the T-cell lines derived from control subjects produced large amounts of IL-4, IL-10, and TNF-␣ but not IFN-␥. In contrast, the MS-derived T-cell lines exhibited a completely different cytokine profile characterized by the production of Th1 cytokines (TNF-␣ and IFN-␥) but not Th2 cytokines (IL-4 and IL-10) that are important for B-cell differentiation. The differences in the concentrations of Th1 and Th2 cytokines between the two panels of the T-cell lines were highly significant (P Ͻ 0.05).
The antibody reactivity to the 101K virion protein of HHV-6 in MS patients and control subjects. Next we analyzed the occurrence, the reactivity pattern, and the titers of serum IgG and IgM antibodies to the 101K protein by using recombinant HBV as a control viral antigen. Serum IgM antibodies specific for the 101K protein at the serum dilution of 1:100 were detected in a significantly higher proportion of MS patients (27 out of 33, 82%) than in those of control subjects (8 out of 21, 38%; P Ͻ 0.05). The HHV-6-specific IgM reactivity measured by optical density at the same serum dilution was consistently elevated in MS patients compared to that in control subjects (P Ͻ 0.05) (Fig. 4) . The occurrence and the reactivity of serum HHV-6-specific IgM correlated conversely with those of IgG in the same MS patients. IgG specific for HHV-6 101K protein was detected only in 10 out of 33 (30%) MS patients and in 13 out of 21 (62%) control subjects (Fig. 4) . In contrast, the antibody reactivity of both IgM and IgG to the control viral   FIG. 2 . T-cell responses to the 101K protein and the truncated fragments of HHV-6 in MS patients and control subjects. The precursor frequencies of T cells recognizing the 101K protein and the truncated fragments of HHV-6 were examined for 17 MS patients and 18 control subjects (12 healthy individuals and 6 individuals with other inflammatory neurologic conditions). The circles indicate the estimated individual T-cell frequency, and the bar represents the mean precursor frequency of specific T cells within the group .   FIG. 3 . The cytokine profile of T-cell lines recognizing HHV-6. Cytokine production of T-cell lines specific for HHV-6 derived from patients with MS (MS) and from control subjects (Controls) was measured by ELISA. The T-cell lines were challenged with the recombinant 101K protein, and the supernatants were tested after 48 h for concentrations of the indicated cytokines. The bars indicate the mean concentration (picograms/milliliter) Ϯ standard errors of the means. Asterisks represent statistical significance (P Ͻ 0.05) between the two groups. The detection limit of the assays for all cytokines was less than 25 pg/ml.
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on December 30, 2017 by guest http://jvi.asm.org/ antigen (HBV) did not differ significantly between the two groups. Furthermore, antibody titers to the HHV-6 101K protein were determined by serial dilutions of the serum specimens. In control subjects, high IgM titers for the 101K protein were strongly associated with the positive detection of cell-free HHV-6 DNA (mean IgM titer of 1:164 for the viral DNApositive group versus the mean titer of 1:54 for the viral DNAnegative group). However, in the majority of MS patients, IgM titers for HHV-6 101K protein were elevated regardless of the status of HHV-6 viral DNA (1:200 for the viral DNA-positive group versus 1:177 for viral DNA-negative group), while specific IgG titers were substantially decreased compared to those of control subjects (1:27 for MS patients versus 1:243 for controls). The results consistently indicate a decreased IgG response to HHV-6 in patients with MS, which was associated with an elevated IgM reactivity to the virus. Furthermore, we examined the reactivity of serum HHV-6-specific IgG and IgM antibodies to four recombinant fragments encompassing various regions of the 101K protein. To this end, a panel of 22 serum specimens derived from 16 MS patients and 6 control subjects was selected for high IgG and IgM titers and tested for reactivity to the truncated fragments by ELISA. The majority of the selected serum specimens contained both IgG and IgM antibodies for HHV-6 with various reactivities. The experiments showed that HHV-6-specific antibodies of the two classes exhibited distinct antigen recognition patterns. The IgG antibodies reacted selectively to the 341 to 526 region (14 out of 16 specimens for MS and 5 out of 6 specimens for controls) that corresponded to the immunodominant epitope(s) for HHV-6-specific T cells, while the IgM antibodies were directed predominantly at the 155 to 350 region (13 out of 16 specimens for MS and 6 out of 6 specimens for controls). However, the reactivity patterns of specific IgG and IgM antibodies to the 101K fragments did not differ between MS patients and control subjects.
DISCUSSION
This study provides important evidence for the understanding of the potential association of HHV-6 and MS. There are also a number of important issues that emerged from this study. First, the findings support active replication of HHV-6, a normally latent virus, in the peripheral blood as well as in the central nervous compartment of patients with MS. The observation described here is in agreement with an increasing number of reports demonstrating frequent detection of cell-free HHV-6 DNA in serum and CSF specimens by using specific oligonucleotide primers corresponding to selected regions of HHV-6 (1, 2, 4, 22, 29, 36, 37, 46, 50) . However, other studies reported conflicting results, as suggested by either infrequent detection of HHV-6 DNA in sera and/or CSF of MS patients or insignificant differences between MS patients and control subjects (6, 14, 24, 25, 28, 41) . There are several possibilities that may explain the disparity. For example, different studies employed individually designed primers/probes targeting distinct proteins/regions of the HHV-6 strains, which may account for the discrepancies in the specificity of the various detection systems. Some regions of HHV-6 are known to share sequence homology with other viruses, such as CMV and HHV-7, which may obscure the specificity of the results. Furthermore, the sensitivity of the assay systems used by different studies and quality/storage of patient material may also be attributable to the discrepancies. In this study, the use of the recombinant protein and truncated fragments corresponding to the immunoreactive 101K virion protein of HHV-6 has provided, for the first time, a crucial advantage in discriminating specific immune responses to HHV-6 from cross-reactivity to other related viruses (e.g., CMV and HHV-7). The selected sequence region of the 101K protein has no homology with other known proteins, as determined by a GenBank search. However, although the amino acid sequence of the 101K protein used here is unique to HHV-6, it is indistinguishable between the two strains of HHV-6.
Another important aspect of the present study is related to the characterization of both T-cell responses and antibody reactivity to HHV-6. The results indicate a significantly declined T-cell immunity to HHV-6 seen in patients with MS as evidenced by substantially lower precursor frequency of T cells specific for the HHV-6 viral antigen. The observation that the T-cell responses to all fragments of the 101K protein are decreased in MS patients is suggestive of a functional deficit of HHV-6-specific T cells of polyclonal populations rather than a clonal deficiency in recognition of certain epitopes of the 101K protein.
The findings suggest that the T-cell immunity to HHV-6 may be impaired in MS patients. It should be mentioned that the method employed for the T-cell frequency analysis may not be accurate enough to measure the true precursor frequency of antigen-specific T cells. However, it is appropriate, when used consistently, to compare the precursor frequencies of specific T cells between individual patients and groups (31, 42, 49, 50) . Furthermore, in this study HHV6-reactive T cells derived from MS patients exhibit a significantly different cytokine profile (Th1 cytokines) compared to those obtained from control subjects (Th2 cytokines). As a result, an ELISPOT assay based either on IFN-␥ or other cytokines would significantly skew the results because of the cytokine bias of HHV-6-reactive T cells between MS patients and control subjects. At this time the observed association cannot be explained, as HHV-6 is latent in host T cells as a result of primary infections in childhood in the majority of the general population (13, 50) . One possibility is that the impaired T-cell immunity to HHV-6 may be attributable to undefined susceptibility of immune-related genes potentially associated with MS. As a result, HHV-6-reactive T cells are not fully activated by the viral antigens potentially because of poor antigen presentation or lack of adequate costimulation. Alternatively, persistent viral replication and an increased viral load in the blood may alter the functional properties of specific T cells and render them less responsive. The finding bears particular pathological relevance to MS, as the impaired T-cell immunity to HHV-6 may be associated with low-grade infection of HHV-6 that has neurotropic properties and can potentially cause tissue damage in the central nervous system (8). Soldan and colleagues reported recently that while lymphoproliferative response to HHV-6B did not differ between patients with MS and control subjects, a significant increase in the proliferative response to HHV-6A was found in the MS patient cohort. In that study, HHV-6-infected cell lysates were used as the antigen in 5-day proliferation assays (38) . There are substantial discrepancies between the two studies, including the viral antigens used (recombinant 101K virion protein versus infected cell lysates) and the sensitivity of the T-cell assay systems (the T-cell frequency analysis versus 5-day proliferation assays). Furthermore, the possibility exists that the immune responses to HHV-6, including T-cell response (38) and antibody reactivity (1, 12) , may vary depending upon the selected antigenic components of HHV-6 or the whole virus used in the different assays.
In the present study, the observed impaired T-cell immunity to HHV-6 may be associated with the aberrant antibody responses to HHV-6 in MS patients and the increased detection of HHV-6 viral DNA in MS patients. First, there is a significant overall decrease in serum HHV-6-specific IgG titers in MS patients compared to that of control subjects. It is likely that the deficient IgG responses seen in MS patients may be caused by both insufficient T-cell responses and a highly skewed cytokine profile that lacks the production of IL-4 and IL-10. Consequently, B cells expressing surface IgM to HHV-6 may undergo an altered differentiation process as a result of inadequate T-cell help. Some IgM-producing B cells may fail to complete the process of class switching. It is known that Th2 cytokines, such as IL-4, IL-10, and IL-13, are required for functional differentiation and maturation of B cells (5) . Second, the IgM titers for HHV-6 are as low as 1:54 in some control subjects in whom serum viral DNA is undetectable and occurred at a mean antibody titer of 1:164 in serum specimens derived from other control subjects positive for HHV-6 viral DNA, suggesting a correlation between the two. The finding may reflect frequent exposure and sensitization of specific B cells producing IgM antibodies as a result of viral infection or active viral replication in a small proportion of the healthy population. However, there is an overall elevation of HHV-6-specific IgM antibodies in patients with MS which is not associated with the status of serum viral DNA for HHV-6. The observation raises the possibility that there may be frequent and transient release of HHV-6 viral particles into the blood circulation as a result of active viral replication in MS patients and viral infection is slowly cleared. Therefore, although at some time points cell-free viral DNA is undetectable in some MS patients, elevated serum IgM titers for HHV-6 may result from residual B cells sensitized by previous exposure to HHV-6 and may persist over time.
It can be speculated that the specific IgM antibodies alone are not effective in clearing the virus, contributing to an increased viral replication of HHV-6 in the blood as well as in the central nervous compartment in patients with MS. The limited ability of HHV-6-specific IgM to neutralize the virus may be related to their general property of being low-affinity antibodies. Furthermore, IgM antibodies have poor ability to penetrate through the blood-brain barrier. Therefore, in the case of MS, active replication of HHV-6 in both the blood and central nervous compartment may be associated with ineffective clearance by the immune system as a result of impaired T-cell responses and insufficient HHV-6 IgG antibody production.
